Due to its availability, low cost, flat geometry, and transparency, the ex ovo chick embryo has become a major vertebrate animal model for the study of morphogenetic events, such as gastrulation 2 , neurulation [3] [4][5] , somitogenesis 6 , heart bending 7, 8 , and brain formation [9] [10] [11] [12] [13] , during early embryogenesis. Key to understanding morphogenetic processes is to follow them dynamically by time-lapse imaging. The acquisition of timelapse movies of chick embryogenesis ex ovo has been limited either to short time windows or to the need for an incubator to control temperature and humidity around the embryo 14 . Here, we present a new technique to culture chick embryos ex ovo for high-resolution time-lapse imaging using transmitted light microscopy. The submerged filter paper sandwich is a variant of the well-established filter paper carrier technique (ECculture) 1 and allows for the culturing of chick embryos without the need for a climate chamber. The embryo is sandwiched between two identical filter paper carriers and is kept fully submerged in a simple, temperature-controlled medium covered by a layer of light mineral oil. Starting from the primitive streak stage (Hamburger-Hamilton stage 5, HH5) 15 up to at least the 28-somite stage (HH16)
Introduction
Embryogenesis has fascinated man since the beginning of history. How do the structure and morphology of an embryo develop in such a welldefined temporal and spatial manner? The chick embryo has become one of the classical vertebrate animal models for embryogenesis for several reasons: It is easily available, inexpensive, transparent in its early stages, and accessible for experimental manipulations, as it develops outside the mother. Moreover, it has an almost flat geometry during early morphogenetic events, such as heart and brain formation, gastrulation, neurulation, and somitogenesis 15 .
Morphogenetic processes can be understood best if they are studied dynamically, such as through the acquisition of time-lapse images. The chick embryo can be visualized in ovo 16 but with poor accessibility for experimental manipulations and limited visibility for transmission light microscopy imaging. Therefore, several techniques have been proposed to culture chick embryos ex ovo, either in whole yolk culture systems 13, [17] [18] [19] or as explant cultures 1, [20] [21] [22] [23] . In whole yolk culture systems, the embryo remains on top of the intact yolk, and the whole content of the egg is transferred to another container for incubation. This container can be a surrogate egg shell 17 , a Petri dish 19 , or a hammock made of plastic cling wrap 13, 18 . Embryos in whole yolk cultures can ideally be cultured until hatching and are accessible to micromanipulations. These techniques are especially useful for studying the development of embryos after the initiation of blood circulation (which increases the contrast), while younger embryos remain hard to visualize. These early embryos can be imaged best if they are excised from the yolk and cultured as in vitro explants. The explants are easily accessible for experimental manipulations and require less space for culturing. For many years, a technique pioneered by Denis New in 1955 and its variations were the golden standards of explant culture methods for chick embryos, thereby making the embryo accessible for time-lapse microscopy and microsurgical interventions 20, 21 . Despite its great success, New's technique is relatively demanding and time consuming. The blastoderm often detaches when the vitelline membrane, carrying the blastoderm, is stretched around a glass ring to achieve the proper tension 1 . Moreover, the embryo can only be cultured with its ventral side up. The EC (Early Chick) culture, a more recent technique developed by Chapman and Collignon 1 . Embryos are then cultured on an agar-albumen bottom, usually with their ventral side up. Culturing dorsal side up seems only possible for embryos at HH8 15 and older. Many groups have adapted the filter paper carrier to their needs, such as by replacing the agar-albumen bottom with a support made from surgical suture fibers 24 or a collagen coated membrane 25 . Often, embryos cultured with New's technique or with the EC culture are exposed, with their dorsal or ventral surface to air to facilitate oxygen diffusion 1, 20 . These explant cultures have to be kept in a humidified atmosphere to avoid evaporation of the medium and to prevent the embryo from drying out. This is achieved by incubating the dish with the explant culture in a larger Petri dish containing moistened tissue paper 1 . The acquisition of time-lapse images of these embryos requires either the use of a climate-controlled incubator around the whole microscope or a temperature-controlled container with a heated lid to prevent condensation in the light path 14 . However, chick embryos can also develop ex ovo completely submerged in culture medium as filter paper cultures 25 , sandwiched between a layer of heavy mineral oil and albumen in adaptions of New's technique 2, 21 , or as folded blastoderm explants in the "Cornish Pasty Culture" 23, 26 , without direct contact with the air.
The submerged filter paper sandwich is a new variant of the filter paper carrier technique. By combining earlier knowledge on culturing chick embryos ex ovo, it makes the climate-controlled incubator and the heated lid dispensable. The embryo is sandwiched between two identical (laser-cut) filter paper carriers 24 and cultured fully submerged in a simple culture medium (Pannett-Compton saline 27, 28 and thin albumen in a 3:2 ratio) in a temperature controlled container. , neural tube closure [3] [4] [5] , and early brain [9] [10] [11] [12] [13] ) development. The submerged filter paper sandwich provides a simple and stable environment for microsurgery, bead implantation, microinjection, gene silencing, and electroporation studies. Its imaging potential can be pushed much further by using laser-based imaging (including light-sheet microscopy) and immersion objectives.
Protocol
All experimental procedures were conducted in accordance with the Netherlands Experiments on Animals Act. NOTE: The submerged filter paper sandwich method is modified from 1 . 2. Incubation of fertilized chicken eggs 1. In a humidified incubator, lay the eggs on their side and incubate them at 37.5 °C until they reach the desired age. NOTE: Store eggs no longer than two weeks (preferably at 12 -15 °C) prior to the experiment, as the hatchability will decline significantly 1. Optionally, prepare a cardboard stencil with the correct dimensions and transfer its outline and that of the central aperture to thick filtration paper using a pencil. Cut out the filter paper carrier using fine scissors.
Submerged Filter Paper Sandwich Preparation
2. Cut two identical filter paper carriers for each embryo to be explanted. Prepare extra filter paper carriers as backup in case an embryo gets lost during explanting.
2. Place two small stainless steel rings (20 mm outer diameter, 4 mm in height, 1.5 mm wall thickness, 6.5 mm gap in the ring) as far apart as possible in a fresh 6 cm plastic Petri dish and fill it with 22 ml of culture medium (as prepared in steps 1.4.1 to 1.4.4) using a 25 ml plastic pipette (Figure 1-H) . Make sure that debris accumulated on top of the medium remains in the centrifuge tube. 3. Remove any debris or bubbles from the medium using a plastic transfer pipette. 4. Fill a 10 cm Petri dish with 75 ml of PC-saline (to be used in step 2.15). 5. Remove an egg from the incubator and let it rest on the bench on its side for 1 min to let the embryo come to the top of the yolk. 6. Carefully crack the egg into a Petri dish (Figure 1-A) . Soak the edge of a piece of fine tissue paper in the thick albumen and center the blastoderm by pulling, if necessary. 7. Remove most of the thin and thick albumen from the Petri dish using a plastic transfer pipette (with the tip cut off to facilitate the uptake of the thick albumen). 8. Create a window in the thick albumen around the embryo by gently wiping away the thick albumen with a piece of tissue paper, moving away from the center (Figure 1-B) . Prevent the tissue paper from attaching to the vitelline membrane. 9. Using tweezers, carefully place a filter paper carrier on the vitelline membrane around the embryo, with the longer axis of the elliptical aperture parallel to the anterior-posterior axis of the embryo (Figure 1-C) . 10. Pinch one tip of the nail scissors through the vitelline membrane close to the filter paper carrier and quickly cut around the whole filter paper carrier (Figure 1-D) . 11. Using tweezers, lift the filter paper carrier away from the yolk in an oblique direction parallel to the anterior-posterior axis of the embryo (Figure 1-E) . 12. Turn the filter paper carrier around to have the ventral side of the embryo on top and submerge it in the PC-saline. Immerse the filter paper carrier along the anterior-posterior axis of the embryo in an oblique direction. 13. Get rid of all the yolk still attached the vitelline membrane and the blastoderm by gently flushing it with PC-saline from a plastic transfer pipette. Keep the entirety of the filter paper carrier submerged at all times (Figure 1-F ). 14. Remove the filter paper carrier from the PC-saline along the anterior-posterior axis of the embryo in an oblique direction and get rid of the excess liquid by dabbing the edge of the filter paper carrier on a tissue paper. 15. Hold the filter paper horizontally, with the ventral side of the embryo facing up, and place another filter paper carrier on top of the first one, using a second pair of tweezers. Their apertures should match exactly, thereby sandwiching the embryo between the two layers of filter paper (Figure 1-G) . 16 . Immediately submerge the filter paper carrier sandwich into the culture medium in an oblique direction along the anterior-posterior-axis of the embryo. Place it in the area spanning the space between the two steel rings (Figure 1-H) . 17. Fix the filter paper sandwich by placing two more steel rings on top of the other two, making sure that the aperture with the embryo remains completely uncovered (Figure 1-I ). 18. Check the medium level and make sure that the upper spacer is just submerged in the medium. If necessary, add or remove small amounts of medium. 19. Carefully place the Petri dish in the center of the temperature-controlled oil bath and stabilize the dish laterally by placing three large stainless steel rings (30 mm outer diameter, 4 mm in height, 1.5 mm wall thickness) next to the dish in the oil. Make sure that the steel rings touch the sides of the dish (Figure 1-J) . 20. Slowly pipette approximately 6 ml of light mineral oil on top of the medium with a plastic transfer pipette, so that the medium is covered with a continuous layer of mineral oil (Figure 1-K) . 21. Set up the time-lapse acquisition.
NOTE: Imaging the embryos as horizontal panoramas of five overlapping sub-images (tiles) allows detailed imaging (5X objective), with a general overview of the morphology [29] [30] . Imaging intervals between 3 and 10 min allow for the detailed tracking of morphological changes . High-quality images can be acquired, as the embryo is confined in the z-direction. (B and C) Two embryos cultured in the submerged filter paper sandwich: (B) Ventral side up and (C) dorsal side up. Embryos in the filter paper sandwich develop without qualitative differences for at least 27 hr. They develop functional blood circulation and cranial and cervical flexure and turn successfully. Please click here to view a larger version of this figure.
Time-lapse acquisition depends on the microscope system available. In this study, a long working distance, upright zoom microscope was used. The zoom factor was set to 5X. In combination with the 16X magnification of the eyepiece, this resulted in 80X total magnification, with a theoretical resolution of 1.3 µm/pixel (as stated in the microscope software) 30 . To increase the field-of-view, embryos were imaged as horizontal panoramas of five sub-images (tiles). Therefore, a tile region, consisting of five overlapping tiles, was defined 29 . This tile region was positioned so as to fully cover the elliptical aperture of the filter paper carrier in its horizontal extension ( Figure 2B -0 hr) . Each tile had a size of 2,048 x 2,048 pixels, covering a field-of-view of approximately 2.7 mm, and tiles were acquired with an overlap of 10%, resulting in total field-of-view of approximately 12 mm x 2.7 mm for the panorama. The motorized x-y-stage moved relative to the objective with a speed of approximately 1.75 mm/sec between acquisition of the separate tiles 29 . The live image was focused on the anterior presomitic mesoderm and the most recentlyformed somites (the research focus of our group). To compensate for the thickening and curling of the embryos in the z-direction, small z-stacks (five to seven different planes with a distance of 30 µm) were acquired at every time point 30 . These were selected around the focal plane of the anterior tip of the presomitic mesoderm. The duration of the time-lapse acquisition was set to 50 hr, and imaging intervals of 3, 4, or 10 min were chosen 31 . The quality of the time-lapse acquisition could be improved by refocusing every 5 -10 hr and redefining the z-stack around the new optimal focal plane. At the end of the experiment, the whole time-series was edited manually, and subsets of images containing the z-plane with the best focus were created and saved to a separate folder 32 . These subsets of images were time-stitched to create a complete time-series of images with optimal focus. The tiles of each image of this complete time-series were stitched and fused together without shading correction 30 , and time-lapse frames were exported as JPEG-images of 100% size and 95% compression 32 . The time-lapse frames were imported as an image sequence into professional video-editing software. The detailed 100% zooms were stabilized, and the overall contrast was adjusted to our liking. The final time-lapses were encoded with the H.264 codec and exported in MPEG-4 containers. Movies are displayed at a frame rate of 15 frames/sec (fps) and a resolution of 1,920 x 1,080 pixels. (Figure 2A ) and two embryos in the submerged filter paper sandwich culture, one being cultured ventral side up ( Figure 2B ) and the other one dorsal side up ( Figure 2C ). All embryos were age-matched to the seven somite stage (HH9) 15 and imaged with a temporal resolution of 4 min (Figure 2A and B) or 10 min ( Figure 2C ). Selected frames of 3 hr intervals are depicted. The EC culture (Figure 2A ) allowed very stable imaging due to the embryo resting on a stable agar-albumen bottom 1, 33 . The entire embryo remained in one focal plane throughout the whole time-lapse. This could be beneficial for shorter experiments (several hours) and very early embryos, but it comes with a strong confinement of the embryo in the z-direction, possibly hindering its successful three-dimensional development in the long term. In the beginning, the confinement only resulted in a slight lateral flattening of the embryo's head compared to an embryo cultured in the submerged filter paper sandwich with its ventral side up (compare Figure 2A and 2B at 0 hr) . Later, the turning of the head was impaired (Figure 2A -21 hr) and the heart beat slowed down. Blood circulation almost stopped. See Supplemental Movie 1 for the complete time-lapse of the embryo in EC culture. The upper panel in this movie shows a full overview of the embryo, while the panel on the lower left visualizes the heart development in full resolution. The segmentation of the presomitic mesoderm into somites can be seen in detail on the lower right.
Embryos in the submerged filter paper sandwich, on the other hand, were limited in their three-dimensional expansion only by the natural tension of the membranes surrounding them. They could be cultured either with their ventral (Figure 2B ) or dorsal side up ( Figure 2C) . Either way, the embryos showed continuous somitogenesis, and their heads turned. They developed cranial and cervical flexure and functional blood circulation. Both embryos in the filter paper sandwich were imaged with the focus on the segmenting mesoderm, so that parts of the head gradually moved out of focus as the embryos grew, thickened, and started to turn, while the segmenting part of the mesoderm remained in focus (compare Figure 2B and 2C at 21 hr to 27 hr). Supplemental Movie 2 shows the complete time-lapse movie of the embryo depicted in Figure 2B . The imaging interval was 4 min. The top panel of this movie shows a full overview of the embryo. The development of the embryo was imaged consecutively over 46 hr, but after approximately 30 hr, the focus on the segmenting mesoderm got lost due to the overall thickening and turning of the embryonic tissue. The lower left panel shows the early development of the heart in full resolution from the acquired time-lapse frames. Through fusion of the paired cardiac primordia on both sides of the midline, a nearly straight tubular structure is formed, which later starts beating and bending to the right. The lower right panel shows the most recently-formed somites and the anterior tip of the presomitic mesoderm in full resolution and tracks the formation of new somites over time. Supplemental Movie 3 shows another embryo cultured and imaged ventral side up in the submerged filter paper sandwich. The imaging interval was 4 min. The movie covers the development of the embryo from stage HH5-6 to approximately stage HH14 15 , over roughly 27 hr of culture time. The head fold forms and progresses posteriorly. The heart forms from its bilateral primordia, starts beating, and bends to the right. The first three to four somites form simultaneously. Additional somites bud off sequentially from the anterior tip of the presomitic mesoderm. The lower panel shows the head region of the embryo in full resolution, allowing the observation of the head fold and early heart formation in high detail. Due to the transparency of the embryo, the closure of the neural tube can be observed in the future head region. Supplemental Movie 4 displays somite formation in the same embryo in full resolution over the full imaging time in the lower panel. Supplemental Movie 5 shows the complete time-lapse of the embryo cultured dorsal side up ( Figure 2C) . The imaging interval was 10 min. While the upper panel shows the development of the embryo from the seven somite stage (HH9) to approximately stage HH16-17, the lower panel is cropped to display the morphological changes in the early brain at that stage in full resolution. The local swelling of the neural tube can be observed, leading to the regionalization of the forebrain, midbrain, and hindbrain, which will divide into the five subregions of the embryonic brain at later stages 13 . In addition, the growth of the optic vesicles can be seen clearly. After approximately 30 hr in culture, the embryo is dying.
To show the compatibility of the submerged filter paper sandwich with microsurgical manipulations, several polystyrene microbeads (~ 40 µm in diameter) were implanted into or in the vicinity of the presomitic mesoderm of a chicken embryo in the submerged filter paper sandwich culture. The microbeads were washed in PBS to remove storage buffer and implanted prior to covering the culture medium with the layer of light mineral oil (compare to step 2.18 of the protocol section). A glass Pasteur pipette was used to transfer the beads to the embryo surface, under observation through the eyepieces of the microscope. Five holes were created in the endoderm by gently scraping it with an acupuncture needle. A custom-made J-shaped tool, created by stretching and bending a glass Pasteur pipette in a flame, was used to manipulate the beads and push them carefully into the holes until they became immobile. Three holes were filled with one bead each ( Figure 3A -0 hr and 3B*) and two holes with two beads each ( Figure 3A -0 hr) . Figure 3A shows, in selected time-lapse frames, the development of the chick embryo after the microsurgical implantation of the beads. Three beads were successfully incorporated into the tissue at the desired location, and their movement was imaged over the course of the experiment in high detail ( Figure 3B) . The development of the embryo did not seem to be impaired by the manipulation or the presence of the beads. See Supplemental Movie 6 for the full time-lapse movie. The imaging interval was 4 min.
Some difficulties with the preparation of the submerged filter paper sandwich will be addressed in the following paragraphs. Although it requires only a moderate amount of training to transfer an embryo from the yolk into the filter paper sandwich, several steps can still significantly influence the quality of the embryo in culture. Before the filter paper carrier is placed onto the yolk, the vitelline membrane around the embryo should be freed from any thick albumen. Only then will the connection between the filter paper and the vitelline membrane be strong enough to withstand the washing in PC-saline. The filter paper carrying the embryo should cross the liquid/air interface as little as possible to minimize the tension on the membranes. Once brought into the PC-saline for washing, the whole filter paper carrier must stay completely submerged at all times. The time in the PC-saline bath must be limited to about 30 -60 sec, as the vitelline membrane will start releasing from the filter paper. Still, the cleaning of the embryo should be executed very thoroughly, as yolk remnants will later obscure the view of the embryo. During washing, never point the stream from the transfer pipette directly onto the embryo, but always radially away from it. After removing the embryo from the PCsaline, make sure to hold the filter paper horizontally to minimize tension on the embryonic membranes. Then, stabilize the embryo with the second filter paper carrier. Once the second filter paper carrier is placed, avoid creating any lateral tension, which could shift the filter paper carriers relative to each other and tear the embryonic membranes. When the filter paper sandwich is brought into the culture medium, it should also cross the air/liquid interface only once to minimize tension on the membranes. The second pair of stainless steel rings used to stabilize the filter paper sandwich from the top should be placed very slowly and without any pressure to minimize compression of the embryonic membranes. Small ruptures of the area opaca of the embryo usually heal during the first hour of culture, but a damaged embryo can and should always be replaced by a new sample before the oil layer is pipetted on top of the culture medium.
To image an entire embryo or multiple samples for high-resolution time-lapse movies, the microscope must be equipped with a motorized x-ystage, controlled by the microscope software. It is of crucial importance to have the x-y-stage move with a minimal speed to avoid damage to the embryos and turbulences in the culture medium and the oil, which will decrease the image quality. For the acquisition of the time-lapse movies presented here, the motorized x-y-stage moved with a speed of approximately 1.75 mm/sec. In the future, imaging could be further improved by first moving the stage to the desired position and acquiring the image after a short rest period to let vibrations and turbulences fade away.
As a limitation, potential users should be aware of the relatively long working distance (approximately 1 cm) necessary for this culture method if an upright microscope without immersion objectives is used. This working distance results from the layer of medium and of mineral oil on top of the embryo. In the 6 cm Petri dish, the oil layer has a thickness of approximately 1 -1.5 mm, and the embryo is submerged approximately 4 mm deep in the culture medium. Depending on the diameter of the objective, the upper edge of the 6 cm Petri dish could also limit access to the embryo. This could be circumvented by using a larger dish.
The working distance from the top could be slightly reduced by minimizing the thicknesses of the liquid layers. In addition, the working distance from below could be minimized by bringing the embryo further down to the bottom of the Petri dish and reducing the thickness of the glass window of the heated beaker. While the protocol was optimized to work with an upright long working distance zoom microscope, it could be fitted to an inverted microscope as well. Future users should keep in mind that submerging the embryo too deeply in the culture medium might lead to O 2 -diffusion problems, although preliminary experiments suggest that limited diffusion does not seem to be a problem, as long as the embryo is surrounded by a sufficiently-large reservoir of culture medium and the filter paper sandwiched is not pressed to the bottom of the Petri dish.
Another limitation is the temperature control. By adjusting the temperature of the controller for the heated beaker to 40 °C, the temperature in the medium equilibrates to 37.5 °C around the embryos when the medium is covered with mineral oil. This shows that some energy is lost between the bottom of the beaker, where the heating elements and the temperature sensor are located, and the location of the embryos. The temperature control could be optimized by relocating the sensor and redistributing the heating elements.
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